The main clinical manifestations of the disease include attacks of migraine with aura, mood disturbances, recurrent ischemic stroke, apathy, and progressive cognitive decline. 2 MRI features in CADASIL include confluent white matter hyperintensities (WMH), lacunar infarctions, and cerebral microbleeds. [3] [4] [5] Patients with CADASIL can also present with a large number of dilated Virchow-Robin spaces, mostly located in the lentiform nuclei and within the subcortical white matter.
C erebral autosomal-dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL) is the most frequent monogenic type of cerebral microangiopathy and is secondary to different mutations of the Notch3 gene. with significant neuronal loss at the latest stage of the disease. 7 At the macroscopic level, these different pathophysiological mechanisms may have opposite consequences on the cerebral volume: the accumulation of interstitial fluid may be responsible for cerebral volume enlargement, whereas demyelination and axonal loss can lead to brain atrophy.
Although the negative impact of the load of WMH on brain volume has been repeatedly demonstrated in elderly populations or in subjects with subcortical ischemic vascular disease, [8] [9] [10] [11] only few studies have examined these relationships in subjects with CADASIL. WMH were not previously found related to the brain volume in CADASIL conversely to the load of lacunar infarctions or water diffusion measured over the whole brain, which were found significantly associated with cerebral atrophy. 12, 13 However, the actual relationships between WMH and cerebral volume were not specifically investigated and the samples of patients were of limited size in these studies. In the current study, we sought to evaluate the exact relationship between WMH and the brain volume in a large population of patients with CADASIL.
Materials and Methods

Subjects
Data were obtained from a large prospective cohort study. A total of 278 patients were enrolled into the study at Lariboisière (Paris, France) or at Ludwig-Maximilians-Universitat (Munich, Germany) hospitals. In all cases, the diagnosis was confirmed by identification of a typical mutation in the Notch3 gene. 14 The complete study design has been detailed elsewhere. 15 All patients gave written consent to participate. An independent ethics committee in both participating centers approved the study.
Magnetic Resonance Imaging
MRI scans were performed by the use of a 1.5-T system (Vision; Siemens, Munich, Germany, or Signa General Electric Medical Systems, Paris, France). The following MRI sequences were used for analysis: 3-dimensional T1-weighted sequences (Munich: TR/ TE 11.4/4.4 ms, slice thickness 1.19 mm, no interslice gap, 256 × 256; Paris: TR/TE 9/2 ms, slice thickness 0.8 mm, no interslice gap, 256 × 256), fluid-attenuated inversion recovery (Munich: TR/TE/TI 4284/110/1428 ms, slice thickness 5 mm, no interslice gap, 176 × 256; Paris: TR/TE/TI 8402/161/2002 ms, slice thickness 5.5 mm, no interslice gap, 256 × 160), T2*-weighted gradient echo planar imaging (Munich: TR/TE 1056/22 ms, slice thickness 5 mm, no interslice gap, 256 × 192; Paris: TR/TE 500/15 ms, slice thickness 5.5 mm, no interslice gap, 256 × 192), and proton density images (Munich: TR/ TE 3300/16 ms, slice thickness 5 mm, no interslice gap, 190 × 256; Paris: TR/TE 3300/15 ms, slice thickness 5.5 mm, no interslice gap, 256 × 192). MRI data from both centers were collected and processed at BioClinica (Lyon, France) and analyzed together by trained neurologists who were blinded to the clinical data.
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Brain Volume Assessment
Determination of global brain volume from 3-dimensional T1-weighted MRI was made as previously described using Brainvisa software (http://brainvisa.info). 12 High intrarater and interrater reliability was previously reported (interclass correlation coefficients 0.945 and 0.922, respectively). 12 Automated determination of the intracranial cavity was performed on proton density images from the base to top of the skull using a dedicated algorithm. The corresponding mask was visually checked and marginally corrected if necessary. The volume of intracranial cavity (cerebral parenchyma and cerebrospinal fluid) was then calculated. Brain parenchymal fraction was defined as the ratio of brain tissue volume to intracranial cavity volume (brain parenchymal fraction=brain tissue volume/intracranial cavity volume).
WMH Quantification
WMH were analyzed on fluid-attenuated inversion recovery images as previously described. 15 All fluid-attenuated inversion recovery axial slices from the base of the cerebellum to the vertex were analyzed with a high interrater reliability (intraclass correlation coefficient, 0.995). 15 The total volume of WMH was normalized to the intracranial cavity in each patient (normalized volume of WMH=[volume of WMH/intracranial cavity volume]×100).
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Lacunar Volume
The volume of lacunar infarcts was determined on 3-dimensional T1-weighted images as previously detailed. 15 Hypointense lesions with signal intensity identical to that of cerebrospinal fluid and of diameter >2 mm, clearly distinct from Virchow-Robin space, were selected and delineated. The normalized lacunar volume was calculated individually as: (volume of lacunes/intracranial cavity volume)×100. Good interrater reliability was previously shown (intraclass correlation coefficient, 0.830).
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Microbleeds
Cerebral microbleeds were defined as rounded hypointense foci ≤5 mm in diameter on gradient echo sequence distinct from vascular flow voids, leptomeningeal hemosiderosis, or nonhemorrhagic subcortical mineralization. The number of cerebral microbleeds was recorded with a high interrater reliability (intraclass correlation coefficient, 0.962).
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Statistical Methods
Statistical analyses were performed using SPSS Version 20.0 for Windows (SPSS Inc). All P values were 2-tailed and criteria for significance were P<0.05. Normalized lesion volumes were always used for statistical analysis.
We first explored the relationships between brain parenchymal fraction and different demographic and MRI variables (including age, sex, WMH volume, lacunar volume, and number of cerebral microbleeds) using univariate analysis. Nonparametric Spearman correlation tests were used for continuous variables. T test was used for comparison of mean brain parenchymal fraction values between men and women. Second, multivariate linear regression models were used to investigate correlation between brain parenchymal fraction and WMH volume. Candidate covariates were those associated with brain parenchymal fraction in univariate analysis (P<0.05). In the final model, variables were selected by stepwise regression analysis with entry and removal P values set at 0.05. Thereafter, to explain the relationships between brain parenchymal fraction and WMH volume, we removed the different covariates (sex, lacunar volume, number of cerebral microbleeds, and age) from the original model one by one.
The interaction term (age*WMH volume) was also added into the original regression model. To further understand the impact of WMH volume on brain volume, additional stratified multivariate stepwise analyses were performed according to the median value of WMH volume and brain parenchymal fraction as well as according to the presence or absence of lacunar infarcts and cerebral microbleeds, respectively. In the corresponding model, the same dependent variable and covariates were included as mentioned previously.
Results
Characteristics of the 278 patients with CADASIL are shown in Table 1 . WMH volume, lacunar volume, and the number of cerebral microbleeds were all found to increase significantly with age (data not shown, all P values <0.001).
In univariate analysis, brain parenchymal fraction was negatively related to age (Spearman ρ=−0.574, P<0.001) and 
001).
The stepwise multivariate analysis including sex, age, WMH volume, lacunar volume, and number of cerebral microbleeds as independent variables showed a negative association between brain parenchymal fraction and age, male sex, lacunar volume, and number of cerebral microbleeds (Table 2 ). It is noteworthy that an independent positive relationship was detected between brain parenchymal fraction and WMH volume (standardized coefficients β=0.216, P<0.001). Stepwise removal of sex, lacunar volume, and number of cerebral microbleeds from the original model did not alter the significant positive relationships between brain parenchymal fraction and WMH volume as long as age was kept in the model (data not shown).
The interterm indicated that age was not a significant modifier of the relationship between brain parenchymal fraction and WMH volume (P=0.386). To further investigate the relationships between WMH volume and brain parenchymal fraction, multivariate stratified regression analyses were performed according to the median value of WMH volume (6.13) and brain parenchymal fraction (86.37%) as well as according to the presence or absence of cerebral microbleeds and lacunar infarct. After controlling for confounding factors, we observed a strongly positive correlation between WMH volume and brain parenchymal fraction regardless of the presence or absence of cerebral microbleeds or of lacunar infarcts (Table 3) . Conversely, such a significantly positive association was only detected in the subjects with baseline brain parenchymal fraction larger than 86.37% (β=0.319, P=0.001). 
Discussion
To our knowledge, this is the largest study analyzing the relationship between brain volume and WMH volume in CADASIL. This is the first report showing a positive and independent correlation between WMH volume and brain parenchymal fraction at baseline in subjects with CADASIL. In contrast, age, male sex, and the volume of lacunar infarcts were found to be predictors of brain atrophy in line with results previously obtained in smaller samples of patients. 12, 13 In the multivariate analysis, removing of confounders one by one showed that the positive association between brain parenchymal fraction and WMH remained unchanged as long as age was maintained in the model. This association is modest but highly significant and probably hidden at the crosssectional level by the strong but inverse effect of age on brain volume. Peter et al 13 did not find a significant link between the load of T2 hyperintensities and brain volume in a cohort of 76 patients with CADASIL. The different MRI sequences, quantitative methods, and sample sizes might partly explain these discrepant results. However, in a smaller group of patients from the same cohort evaluated in the present study, Jouvent et al 12 did not either observe a significant relationship between brain parenchymal fraction and WMH measured using the same quantitative methods and MRI sequences. There was no technical difference between that study and the present one, but some other discrepancies do indeed exist between these 2 studies. First, the sample size (n=129) was much smaller than ours (n=278). Second, the relationship between brain parenchymal fraction and WMH was only assessed by univariate analysis in the article by Jouvent et al that showed only a negative trend between these 2 parameters without any statistical significance. Accordingly, WMH was not included in the multivariate model. We showed that only when controlling for age did the positive association between brain parenchymal fraction and WMH become visible.
WMH have been repeatedly found associated with reduction of gray matter 8,9,16 or brain volume 10,11,17 in elderly populations or in subjects with other types of subcortical ischemic vascular disease. These findings were previously obtained with or without adjustment for age and using different rating or segmentation methods. The contrasting results of the present study appear unlikely related to the different quantification of WMH. In addition, the load of WMH in CADASIL largely exceeds that usually detected in the elderly populations. Altogether, these discrepancies support that the pathogenesis of WMH is not strictly identical in CADASIL and in age-associated small vessel disease. Different pathophysiological mechanisms have been attributed to the development of WMH associated with small vessel disease. Ischemic insults of white matter, bloodbrain barrier dysfunction, and chronic leakage of fluid and macromolecules into the brain tissue or a combination of these mechanisms may be involved. [18] [19] [20] The present results suggest that WMH may not merely be related to ischemic lesions in CADASIL. First, WMH of ischemic origin underlain by demyelination and axonal loss would have been related to cerebral atrophy as observed with lacunar infarcts. Second, WMH are poorly related to the clinical severity in CADASIL and can be detected at the late stage of the disease in the total absence of lacunar infarction. 21, 22 Third, WMH are detected early in the temporal lobes during the course of the disease, a long time before the onset of ischemic stroke usually occurring around the 50s. [2] [3] [4] [5] All of these further support that WMH and focal ischemic lesions might have a different pathogenesis. The large number of dilated Virchow-Robin spaces observed in CADASIL and their strong association with the early development of WMH in the temporal lobes 7 support that blood-brain barrier dysfunction and insufficient drainage of interstitial fluid presumably related to vessel wall structural changes might play a key role in the extension of WMH. 
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These signal abnormalities might be, more or less, related to increased water content in cerebral tissue that can cause brain volume enlargement. An alternative explanation for the positive association between brain parenchymal fraction and WMH might be that large white matter volume owing to large brain volume makes it possible to develop more WMH. However, we found an inverse relationship between brain parenchymal fraction and WMH in the univariate analysis. Moreover, no correlation between WMH and the intracranial cavity was found even after controlling for other confounders (data not shown). Therefore, such an artifactual result appears very unlikely. Interestingly, although the interaction term indicated that there was no significant global age effect on the relationship between WMH and the brain volume, the stratified multivariate regression analysis showed that the association between WMH and the brain volume was not identical in the whole sample. A positive link between these 2 parameters was found significant only in subjects with extensive WMH and in those with high brain parenchymal fraction. These findings are difficult to interpret. Because the extent of WMH is strongly related to age in CADASIL, the positive but modest association between WMH and brain parenchymal fraction is probably concealed by the opposite effect of age on brain volume in most subjects. The present data suggest that the increase of brain volume becomes visible only at a certain degree of extension of WMH. The opposite relationships between WMH and brain parenchymal fraction according to the initial volume of WMH further support that water accumulation in cerebral tissue may accelerate with extension of WMH during the course of the disease.
The methodological strengths of this study include the large sample size of cross-sectional data and the quantitative and validated assessment of lesion volumes. Our study also has potential limitations. First, we just compared the brain volume between subjects with CADASIL having more or less WMH, but we did not compare the results with those obtained in an age-and sex-matched healthy population using the same methods. Second, because of the cross-sectional design of this study, the exact contribution of WMH volume growth to the brain volume changes was not assessed. Third, we could not exclude that the negative findings in subgroup analysis did not result from insufficient power and limited sample size. Fourth, the brain volume measurements were limited to the whole brain in all subjects of our cohort because separate segmentation of white and gray matter is not accurate and reliable enough in CADASIL. Indeed, extensive changes of T1 or T2 signal are detected not only in the white matter, but also in the subcortical gray matter of most patients with CADASIL. 23 Such signal changes can dramatically alter the contrast needed for segmentation of the white and gray matter at the subcortical level, but also for isolating the cortex from the rest of the brain. Thus, correlations with gray matter volume and white matter volume were not evaluated. Finally, our research did not include any regional analysis of WMH, but WMH may have distinct pathogenesis in different cerebral areas with variable impact on brain volume. 8, 16 In conclusion, the extent of WMH was found independently associated with some increase of brain volume in CADASIL. This positive relationship was modest and probably masked by the atrophy effect of age on brain volume at the cross-sectional level. These results may contribute to a better understanding of the mechanisms responsible for WMH in CADASIL. Prospective studies with long duration of follow-up and specific regional investigations may help to further elucidate the intimate mechanisms leading to WMH in CADASIL. 
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